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Abstract:
We describe a multidentate tripodal ligand in which three pendant arms carrying di (2-picolyl) (1). Crystallographic studies of 1 revealed that the three symmetry-related arms each coordinate a {Cu II Cl} unit, and two molecules of 1 are connected to one another through a Cu(µ-Cl) 2 Cu bridge, extending the molecular structure to form a two-dimensional layer.
These 2-D layers pack in an ABCABC… fashion with PF 6 -anions located in between.
Reaction of 1 with a stoichiometric amount of perrhenate ion afforded blue plates of In addition, three molecules of 2 are bridged by a perrhenate ion forming a Cu 3 (µ 3 -ReO 4 ) cluster to give a different 2-D structure, displaying a rare tridentate bridging ReO 4 -mode.
Thus in addition to classic perrhenate trapping through weak Coulombic interactions, 2 represents an exceptional example in which the ReO 4 -anion is immobilized in an extended framework through tight covalent interactions. The interlamellar PF 6 - 
anions in

Introduction
Systems that trap and immobilize anions have attracted much recent attention. [1] [2] [3] [4] [5] [6] [7] [8] Because anions regulate a variety of physiological processes, they are potential toxins. As examples, perchlorate ion can adversely affect human health by interfering with iodide uptake into the thyroid, [9] [10] [11] and chromate (CrO 4 2-) is toxic, mutagenic, and a human carcinogen. 12, 13 As a result, many oxo-hydroxo anionic forms of metals and p-block elements are listed as U. S. EPA priority pollutants. 14 Among anionic pollutants, pertechnetate, the tetrahedral oxoanion of technetium, is especially noteworthy. Apart from its ability to interfere with physiological processes, technetium is a nuclear fission waste product with significant radioactivity. Because of its long half-life and good environmental mobility, pertechnetate is one of the most dangerous radiation-derived contaminants and a major concern for long-term disposal of radioactive waste.
In part because of such issues, chemists are interested to develop methods and materials for trapping anions. Resins with cationic quaternary ammonium polymer chains and exchangeable counter anions are the standard in commercial anion exchangers, although they have limited thermal and chemical stability. 15 Molecular trapping complexes, in particular ion pair receptors with recognition sites for both cations and anions, are able to bind an ion pair through cooperative interactions between co-bound ions. 3, 16, 17 Layered double hydroxides having the general formula [M
A nx/n ·mH 2 O, where trivalent metal ions substitute for some of the divalent ones, have a net positive charge on the layered framework. These substances comprise an isostructural class of pure inorganic materials capable of exchanging interlamellar counter anions with other anions of interest. [18] [19] [20] Metal-organic frameworks with extended cationic networks and guest anions are also potential candidates for anion exchange and trapping. 6, [21] [22] [23] [24] In the foregoing examples, the anions are typically bound through weak electrostatic and/or hydrogen bonding interactions. The binding constants of anions in these systems are small, and this problem is especially troubling for the binding of pertechnetate, which is relatively large, of low charge density, and has a small enthalpy of complexation. 2 As a consequence, it has proved difficult to prepare receptors for 25 As a result, the tridentate bridging tetraoxoanion is immobilized by the trinuclear metal complex via strong covalent bonds.
Chart 1
We therefore decided to explore the potential of the tripodal ligand L to bind pertechnetate ion, and the present article describes our findings. Paratone-N oil, suspended in a small fiber loop, and placed in a cold gaseous nitrogen stream on a Bruker APEX CCD X-ray diffractometer performing φ-and ω-scans at 100(2) K. Diffraction intensities were measured using graphite monochromated Mo Kα radiation (λ = 0.71073 Å). Data collection, indexing, initial cell refinements, frame integration, and final cell refinements were accomplished using the program APEX2.
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Absorption corrections were applied using the SADABS. 27 Scattering factors and anomalous dispersion corrections were taken from the International Tables for X-ray Crystallography. The structure was solved by direct methods using SHELXS 28 and refined against F 2 on all data by full-matrix least squares with SHELXL-97 29 following established refinement strategies. Details of the data quality and a summary of the residual values for the refinements are listed in Table S1 .
Complex 1 crystallizes in the trigonal space group R € 3 with V = 14858(3) Å 3 and Z = 6. There are two kinds of PF 6 -counter anions in the X-ray structure. P1 is disorder free; P2 sits on a special position and is disordered over two sites. All heavy atoms were refined anisotropically. In the crystal lattice, there are a number of badly disordered solvent molecules. As a result, the PLATON/SQUEEZE function was used to deal with this problem, and the formula of 1 was determined by a combination of X-ray crystallography and elemental analysis. Complex 2 crystallizes in the monoclinic space group C2 with V = 7669.0(10) Å 3 and Z = 4. The very small Flack parameter 0.029 (8) indicates that the correct absolute structure of 2 for this crystal was obtained. The The reversibility of this anion exchange process was studied by exposing crystals of 1-ReO 4 to 1.0 mL of a 0.1 M NaPF 6 methanolic solution. The PF 6 -↔ ReO 4 -anion exchange processes were repeated three times without the loss of anion exchange activity. Anion exchange between 1 and NaClO 4 or NaIO 4 was also attempted under the same conditions. All materials after anion exchange were harvested by filtration, washed with methanol, dried in air, and analyzed by infrared spectroscopy.
Powder X-ray Diffraction Studies. Powder X-ray diffraction (PXRD) patterns were recorded with a PANalytical's X'Pert Pro Materials research diffractometer equipped with a theta (θ) / two theta (2θ) Bragg-Brenano geometry and using nickel-filtered Cu Kα radiation (Kα1 = 1.5406 Å, Kα2 = 1.5444 Å, Kα2 / Kα1 = 0.5). Crystals of 1 were removed from the methanol solution by pipette and deposited onto a zero-background silicon plate coated with a thin layer of petroleum jelly. The excess solution was removed using a Kimwipe and the crystals were crushed carefully into the jelly. Crystals of 1-ReO 4 and 1 obtained from anion exchange were loaded and analyzed in a similar manner.
Authentic crystalline samples of NH 4 Cl, NH 4 (PF 6 ), NaPF 6 , and NaReO 4 were also analyzed by PXRD to confirm that no such salts used or generated during synthesis or anion exchange remained on the surface of crystals of 1, 1-ReO 4 , or 1 from anion exchange. PXRD data of these samples are reported in Supporting Information.
Results and Discussion
Synthesis In the crystal lattice of 1, two arms of two tricopper ions are connected to one another through a Cu(µ-Cl) 2 Cu quadrilateral, at a Cu···Cu separation of 3.432 Å ( Figure   2B ). The bridging of the two Cl -ions is unsymmetrical. For each dinuclear unit, one chloride ligand is equatorial to its bound Cu 2+ ion, but resides on the axial position of the other Cu 2+ ion with a longer Cu(II)-Cl distance of 2.7618(9) Å ( Table 1) . As a result, the Cu 2+ ion has distorted square pyramidal coordination geometry. These interactions extend the molecular structure to form an infinite 2-D layer. As shown in Figure 2C , These cationic layers pack in an ABCABC… manner, with PF 6 -counter anions located within the interlayer spaces. Because there are only weak electrostatic interactions between PF 6 -anions and the cationic metal-organic framework, we expected that these guests would be readily exchanged with other anions of interest (vide infra). 
Synthesis and Structural Characterization of Complex 2.
After analyzing the structure of 1, we were interested to explore its potential to serve as a pertechnetate trapping reagent, anticipating that it might capture a tetrahedral oxoanion in the cavity formed by its tripodal backbone via copper-oxygen bonds, similar to our previous findings. 25 Because technetium is radioactive with a long half-life (~10 6 years), we decided to use perrhenate as a model of pertechnetate for these studies. 31 and effective ionic radii of the two tetraoxoanions, 1, 32 are very similar. Because they have the same tetrahedral geometry, similar charge density, and closely related chemical properties, perrhenate is a good model of pertechnetate and should behave in a nearly identical manner in anion trapping studies. (Figure 4) , 33 an indication that perrhenate is trapped in this material. Crystallographic studies revealed that 2 crystallizes in the monoclinic space group C2 (Table S1) 3+ unit in 2 is depicted in Figure 5 . cavity. [34] [35] [36] In our tripodal system, the three Cu-containing arms of 2 fold to form a preorganized cavity that can encapsulate a ReO 4 -anion through electrostatic interactions.
A space-filling model ( Figure 6C ) further reveals the size compatibility between the guest tetrahedral ReO 4 -anion and the tripodal host molecule.
Of further interest is the ability of the other ReO 4 -anion (Re1) to bridge the ligand arms of three molecules of 2. As shown in Figure 7B , the Re1 perrhenate ion serves as a tridentate bridging unit, with three of its oxygen atoms each connected to a Cu ion from each of three different molecules. The perrhenate oxygen atom resides on the axial position of each Cu center to produce a distorted square pyramidal geometry, and the resulting Cu-O bond distances are 2.274(7), 2.371 (7), and 2.399(6) Å. Because of its low surface charge density, perrhenate is in general not a good σ-donating ligand to transition metal ions. cluster in 2 is one such example of a tridentate bridging ReO 4 -anion. Apart from these interesting structural features, the tridentate binding of a perrhenate ion in the present structure significantly impacts the immobilization of the anion and as such is a model for pertechnetate trapping. As stated above, the capture of these two anions is difficult, and the need to trap them with tight binding units is an important goal in materials science. The replacement of PF 6 -anions in 1 by perrhenate was achieved by immersing crystals of 1 in a methanolic solution of NaReO 4 at room temperature ( Figure 9 ).
Complex 1 is not soluble in methanol. As shown in Figure S9 , the methanol solution is colorless and the crystals maintain their original shape and morphology throughout the anion exchange process. The PF 6 -→ ReO 4 -anion exchange was complete in one day without stirring when as-isolated crystals of 1 with an average dimension of 0.30 mm were employed. This process could be nicely followed by using infrared spectroscopy.
The anion exchange process is fast, although it can take up to a week in previously reported system. 6 Direct comparison of rate constants for the anion exchange process is difficult because such heterogeneous reactions depend on many experimental factors including crystal size, stir rate, and temperature. Figure 10 shows the FT-IR spectra of 1 and its anion-exchanged product 1-ReO 4 The two peaks from PF 6 -anions are highlighted.
The anion exchange was further investigated by powder X-ray diffraction (PXRD) studies. Although we were unable to obtain a single crystal X-ray structure of 1-ReO 4 , the products after anion exchange are crystalline, as shown in Figure 11 . Crystals of 1-ReO 4 gave a different PXRD pattern than crystals of 1, a finding seen in previous anion exchange studies using cationic 2-D MOFs. 6, 21 The change in the PXRD has a structural origin, for example, modification of the interlayer distances upon anion exchange. Replacement of PF 6 -by ReO 4 -is also supported by elemental analyses of samples of 1 and 1-ReO 4 (see Experimental Section). were replaced by PF 6 -within one day at room temperature. As shown in Figure 10 (from B to C), the ReO 4 -peak (909 cm -1 ) in the infrared spectrum disappears with appearance of the PF 6 -peaks (842 and 558 cm -1 ). Moreover, crystals of 1 obtained from a reaction of 1-ReO 4 with NaPF 6 behave similarly to those of 1 synthesized for PXRD ( Figure 11 ) and anion exchange studies ( Figure 10D ). We repeated the PF 6 -→ ReO 4 -→ PF 6 -cycle three times without loss of crystal morphology and anion exchange activity. In these processes, all the other IR peaks arising from the cationic framework were unchanged.
The anion exchange properties of 1 were also examined using IO 42, 43 In both anion exchange processes, all other peaks were unaffected.
These results further demonstrate the ability of 1 to exchange its interlamellar anions. 
Summary and Conclusions
We report here the crystal structure of a multidentate tripodal ligand N(CH 2 -o- 
